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Hormonal regulation of glutamine metabolism by OK cells. The precise
mechanism(s) of action of PTH, insulin or glucagon in the regulation of
renal glutamine and ammonia metabolism is unknown. Our aim was to
delineate the effects and the site(s) of action of these hormones on renal
glutamine metabolism. Experiments were carried Out using OK cells as a
model system. Cell cultures were incubated for three hours in a bicarbon-
ate buffer of pH 7.4 supplemented with either 1 mrvi [2-15N] or [5-15N]
glutamine and iO M PTH, insulin or glucagon. Comparative studies were
performed at pH 6.8, 7.4 or 7.6 without hormone. PTH and acute acidosis
significantly stimulated glutamine metabolism via both the phosphate-
dependent glutaminase (PDG) and glutamate dehydrogenase (GLDH)
pathways. The opposite was observed at pH 7.6. Insulin augmented flux via
PDG with little effect on the GLDH pathway. Glucagon had insignificant
effects on either PDG or GLDH pathways. Intracellular [15N] glutamate
formed from [2-'5N] glutamine was removed partially by transamination
to alanine, aspartate and serine and partially by translocation to an
extracellular compartment. Acidosis, PTH and insulin enhanced the
formation of ['5N] alanine with little effect on [15N] aspartate. PTH,
insulin and glucagon significantly stimulated the production of [15N]serine,
whereas acidosis had little effect. The translocation of intracellular
glutamate was significantly increased by acidosis, PTH and insulin and
decreased by acute alkalosis. The data indicate that: (a) PTH mimicks the
effect of acute acidosis on renal glutamine metabolism, that is, augmented
glutamine metabolism through both PDG and GLDH pathways and
stimulated the output of intracellular glutamate. This effect might be
mediated via decreased activity of the Na-H exchanger associated with
cellular acidification and/or through a second messenger; (b) insulin, but
not glucagon, increased glutamine uptake and metabolism, and simulta-
neously enhanced output of intracellular glutamate sufficiently to stimu-
late the PDG pathway; and (c) overall, glucagon had little effect on
glutamine metabolism by OK cells compared with either PTH or insulin.
A key role of renal glutamine metabolism is the production of
ammonia for the maintenance of acid base homeostasis [1, 2].
However, the mechanism(s) abetting renal glutamine metabolism
and the signals, effectors and modifiers that control renal glu-
tamine utilization remain unresolved.
The phosphate dependent glutaminase (PDG) and glutamate
dehydrogenase (GLDH) pathways are the primary routes of glu-
tamine metabolism [1—4]. Previous investigations have demonstrated
that H homeostasis has a central role in the regulation of renal
mitochondrial PDG and GLDH [5—7]. However, the role of hor-
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mones such as PTH, insulin or glucagon in the modulation of renal
ammoniagenesis is unclear. Although it has been shown that insulin,
PTH and glucagon modulate glutamine metabolism both in kidney
[8—10] and hepatic preparations [4, 11, 12], the precise mechanism(s)
of action and the physiologic role, if any, of these factors in the
control of renal glutamine and ammonia metabolism is unknown.
Studies by Chobanian and Hammerman [8, 9] suggest that the
metabolic effect of PTH on glutamine metabolism is mediated
through cAMP while insulin may stimulate Na-glutamine co-
transport in proximal tubules [8, 9]. Gesek, Mishkind and School-
werth [10] have demonstrated that PTH increased ammonia and
glucose production from glutamine, whereas insulin increased
ammonia production, yet decreased glucose production [10].
However, insulin and PTH regulate various metabolic processes
in proximal tubules, including increased calcium reabsorption [13,
14], modulation of the Na-H exchanger and shift in cellular pH
[15—18], increased bicarbonate [19] and Pi reabsorption [20—22],
the rate of renal gluconeogenesis [8—10, 23, 24], and the levels of
cellular phosphoinositides and cAMP [9, 17, 25]. Hence, these
hormones activate multiple secondary messengers, but the rela-
tionship of these events to renal glutamine and ammonia metab-
olism remains speculative. Such information may help to elucidate
the pathophysiology of many forms of renal disease as well as
endocrinologic disturbances associated with altered acid-base
homeostasis.
In the current studies we have examined the effect of PTH,
insulin or glucagon on the flux through PDG or GLDH at
physiologic pH. A comparative experiment was carried out to
define the effect of acute changes of media pH on glutamine
metabolism. A unique feature of the current investigation is the
use of [2-15N]glutamine or [5-15N]glutamine and gas-chromatog-
raphy mass spectrometry (GC-MS) to measure the rate of flux to
ammonia and amino acids via either PDG or GLDH pathways as
well as the transfer of 15N to other amino acids. These themes
have been explored in cultured proximal tubules derived from
American opossum kidney (OK cells). Previous studies have
demonstrated that OK cells have many characteristics of proximal
tubules, including H modulation of ammoniagenesis [26], the
Na-H exchanger [15, 16], and receptors for PTH and insulin
[15, 16, 20, 21]. The current investigation demonstrates that OK
cells respond to the stimulus of acidosis with increased glutamine
metabolism and ammonia formation. The opposite occurred in
response to acute alkalosis. Furthermore, the current observations
indicate that PTH mimicks the effect of acute acidosis on renal
glutamine metabolism.
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When the cell monolayer reached confluence the steady-state
medium was removed and cultures were washed with PBS. Five
milliliters of Krebs-Hensleit buffer was then added to each T-25
flask containing the cell monolayer at pH 6.8 (Acidosis), 7.4
(Control) or 7.6 (Alkalosis), supplemented with 1 m of either
[2-'5N]glutamine or [5-15Nlglutamine. The desired pH was
achieved by increasing the [HCO3] in the medium to 49 ms (pH
7.6) or decreasing to 12 mtvt (pH 6.8). The concentration of NaC1
was decreased or increased, respectively. A separate series of
experiments was carried out at pH 7.4 in the presence of either
PTH, insulin or glucagon at a final concentration of i0 M.
Cultures were incubated at 37°C in 5% C02195% compressed
air. After three hours incubation the medium (extracellular) was
removed for measurements of total and 15N labeled metabolites.
Each cell monolayer was washed with cold saline and then 5 ml of
5% perchloric acid (PCA) was added. The pellet was used for
protein determination and the supernatant was neutralized with
KOH and used for determination of metabolite concentration as
well as 15N enrichment.
Metabolite assays
Amino acids were determined both in the extracellular (incu-
bation medium) and intracellular compartment on a Varian 5060
HPLC system using precolumn derivation with O-phthalaldehyde
and fluorescent detection as previously described [3, 4]. Ammonia
was determined spectrophotometrically and intracellular a-keto-
glutarate was measured fluormetrically as described by Lowry and
Passonneau [27] and ATP by the method of Lamprecht and
Trautschold [28].
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Fig. 1. [5-'5N]glutamine utilization by OK cells incubated for 3 hours at
indicated media pH or following addition of i0' M PTH, insulin (INS) or
glucagon (GLU) to the incubation media atpH 7.4. Values are means SE
of 4 to 8 experiments. *P < 0.05 and ** < 0.01 compared with
experiments at pH 6.8. ¶P < 0.05 and ¶IJIIP < 0.001 compared with
experiments at pH 7.4 without hormone.
Methods
Materials
OK cell line passage 73 was the generous gift of Dr. Joseph
Handler. L-[2-15Njglutamine and L-[5-'5N]glutamine were pur-
chased from Cambridge Isotope Laboratory, USA. PTH (1-34)
human is from ICN Biomedicals (#152976). Insulin was from
Sigma. All other reagents were of high chemical grades.
Cell culture
Experiments were carried out using OK cells between passages
79 and 82. Cells were grown in T-25 flasks with a-Minimal Eagle's
medium supplemented with 4 mrvt glutamine plus 3% serum
(complete a-MEM). A suspension of cells (1 X iO cells/ml) was
added to each T-25 flask. Then, 5 ml of a-MEM was added to
each flask. Cells were refed every 24 hours until they reached 85
to 90% confluence, that is, six to seven days.
400
300
200
100
0
Fig. 2. Formation of [15N]ammonia enrichment (A) and production
(nmol/mgprotein/3 hr) (B) from 1 mw [5-'5N]glutamine, via the flux through
PDG pathway. Experiments were performed at indicated pH or on
addition of indicated hormone at pH 7.4. Values are means SE. *P <
0.05 compared with experiments at pH 6.8. < 0.05 ¶JP < 0.01 and ¶1!ITP
< 0.001 compared with experiments at pH 7.4 without hormone.
Experiment
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Table 1. Hormonal and pH modulation of glutamine metabolism by OK cells
Experiments
Rates of
glutaminea
utilization
[15N]glutamate1'
accumulation
Flux ratesa
PDG GLDH GOT GPT G-3-PHPT
pH 6.8 992.6 65.9 176.4 26.7 457.1 59.1 95.5 7.6 61.8 9.7 46.9 9.7 65.6 7.9
pH 7.4 776.7 55.9(P' = 0.05)
122.1 10.8
(P1 = 0.034)
307.4 25.7
(P1 = 0.04)
36.3 3.7
(P1 = 0.01)
52.8 3.5
(P' > 0.05)
22.4 4.6
(P1 = 0.01)
73.3 3.4
(P1 > 0.05)
pH 7.6 677.7 39
(P1 = 0.001)
161.3 12.5
(P1 > 0.05)
298.6 24.2
(P1 = 0.04)
20.7 5.0
(P1 = 0.001)
52.1 8.7
(P2 > 0.05)
28.6 1.1
(P1 = 0.02)
93.1 4.2
(P1 = 0.03)
PTH 1128.4 44.2 140.8 8.7 464.9 21.7 103.2 11.5 33.6 4.9 27.7 2.9 109.4 9.8
pH 7.4 (P2 = 0.0005) (P2> 0.05) (P2 = 0.001) (P2 = 0.0001) (P2 = 0.007) (P2 > 0.05) (P2 = 0.02)
Insulin 977.9 73.4 145.8 11.8 433.1 28.2 46.4 7.3 52.9 3.7 18.3 0.8 118.9 3.4
pH 7.4 (P2 = 0.038) (P2> 0.05) (P2 = 0.01) (P2> 0.05) (P2> 0.05) (P2 = 0.04) (P2 = 0.006)
Glucagon
pH 7.4
835.0 60
(P2> 0.05)
131.3 10.5
(P2> 0.05)
332.9 11.3
(P2 > 0.05)
44.5 5.5
(P2 > 0.05)
32.6 2.7
(P2> 0.01)
25.6 1.7
(P2 > 0.05)
114.1 12.5
(P2 = 0.01)
Abbreviations are: PDG, flux through glutaminase, that is, formation of 15NH3 from [5-'5N] glutamine; GLDH flux through glutamate dehydrogenase,
that is, formation of 15NH3 from 2-'5N]glutamine; GOT, production of [15N]aspartate from [2-15N]glutamine; GPT, production of ['5N]alanine and
G-3-PHPT, production of ['5N]serine through glutamate-3-P-hydroxy pyruvate transaminase. The values of ['5N]asparate, ['5N]alanine and ['5N]serine
are the sum of intra and extracellular levels. P' is compared with experiments at pH 6.8, and P2 is compared with experiments at pH 7.4 without
hormone.
a Values are means SE of 4 to 8 experiments; measured in nmol mg protein 3 hr.
b [15N]glutamate accumulation is the sum of ['5Nlglutamate formation from [2-15N]glutamine in the intracellular and extracellular compartment
following 3 hours incubation, measured in nmol/mg protein.
'5N analysis
The application of 15N and GC-MS methodology have provided
a great deal of information on the regulation of renal ammonia
metabolism [3, 4, 26, 29—35]. With the use of 15N labeled
glutamine and GC-MS it is possible to define precursor product
relationships between ammonia and the amino acid from which is
formed. This methodology facilitates a distinction between am-
monia formed from 15N-labeled precursor and ammonia derived
from other N sources, including the amino acids present in tissue
prior to the addition of labeled precursor. This information allows
rigorous definition of metabolic fluxes and the fate of glutamine-N
can be explored in a very precise fashion. For instance, to define
the relative significance of the flux through the PDG versus
GLDH pathways in ammonia production, it is essential to quan-
titate the isotopic enrichment (atom % excess) and the amount of
total ammonia (nmol/mg protein) derived from the amino-N
versus the amount derived from the amido-N of glutamine [3].
In the current study, GC-MS measurements of 15N isotopic
enrichments (atom % excess, A.P.E.) were performed on a
Hewlett-Packard 5990 GC-MS system. Formation of '5NH3 from
15N labeled glutamine was determined following conversion of
ammonia to glutamate as we have previously described [3].
Determinations of 15N enrichment in amino acids were carried
out as the t-butyldimethyl-silyl derivatives, as previously described
[4, 29]. Aspartate, glutamine, glutamate, alanine, glycine and
serine were monitored using the m/z 419/418, 433/432, 261/260,
and 392/391 ratios, respectively. The enrichment in the 6-amino
group of total adenine nucleotides (6-NH2-TAN) was determined
using m/z 307/306 as previously described [30, 31].
Calculations and statistical analyses
The formation of '5N-labeled metabolites was determined by
the product of their 15N enrichment (atom % excess/100) times
concentration (nmol/mg protein) and is expressed as nmol '5N-
metabolite per milligram protein. Flux through the PDG pathway
was considered to be reflected by [15Nlammonia formation from
[5-15N]glutamine and through the GLDH pathway by ['5NJam-
monia formation from [2-'5N]glutamine [3]. Statistical analyses
were carried out by the use of nonparametric (Mann-Whitney)
test for unpaired data using the Instant software package for
MAC.
Results
Glutamine consumption
Figure 1 illustrates the utilization of glutamine by OK cells
following three hours incubation. No significant difference was
observed between the consumption of [5-15N] or [2-'5N]glu-
tamine, regardless of the incubation conditions. However, 15N-
glutamine utilization is significantly higher at pH 6.8 compared
with either pH 7.6 or 7.4. pH 7.6 had little effect on glutamine
metabolism compared with pH 7.4 (P > 0.05). Similarly, the
addition of iO— M glucagon at pH 7.4 had minimal effect on
glutamine utilization. However, supplementation of iO M PTH
or insulin to the incubation medium markedly enhanced glu-
tamine utilization (P = 0.005 and P = 0.038, respectively)
compared with incubation at pH 7.4.
Flux through PDG
The major product of renal glutamine metabolism is formation
of ammonia via flux through the PDG pathway. Experiments with
[5-15N]glutamine provide a direct measurement of the flux
through PDG [31. As depicted in Figure 2, with 1 m'vi [5-15N] as
precursor, there was no difference (P> 0.05) in the formation of
[15N]ammonia (A.P.E.) in experiments at pH 7.4 or 7.6 compared
with pH 6.8. The isotopic enrichment of intracellular [5-'5N]glu-
tamine following a three hour incubation was 85 4.3 atom %
excess, with little change among the experimental groups. The
ratio between the isotopic enrichment of {'5N]ammonia (Fig. 2A)
and [5-'5N]glutamine enrichment indicates that approximately 75
to 80% of the total ammonia production was derived from the
amide-N of glutamine, regardless of H concentration in the
incubation medium. Although the [15N]ammonia enrichment was
significantly increased in the presence of insulin or glucagon (P
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hormones or pH in the regulation of flux through GLDH is
illustrated in Figure 3. The experiments with [2-'5N] glutamine
demonstrate a significantly higher 15NH3 enrichment (Fig. 3A)
and production (Fig. 3B) at pH 6.8 compared with incubation at
pH 7.4 or 7.6. Only a slight change was observed between pH 7.4
or 7.6. Both insulin and glucagon had little effect on flux through
the GLDH reaction, whereas PTH stimulated this flux by approx-
imately threefold (P = 0.0001; Table 1). These observations
indicate a substantial activity of mitochondrial GLDH in OK cells,
with the flux through this pathway being stimulated by acute
acidosis or PTH, but not by insulin or glucagon.
Level of glutamate and a-ketoglutarate
It has been postulated that both glutamate and a-ketoglutarate
may regulate net ammonia production from glutamine, regardless
of H homeostasis [1—6]. To elucidate this possibility the intra-
cellular glutamate and a-ketoglutarate as well as the extracellular
accumulation of ['5N]glutamate were determined following three
hours incubation with 1 mrt glutamine. Figure 4 illustrates the
production of [15N] glutamate from [2-'5N]glutamine. The isoto-
pic enrichment of [15N]glutamate ranged between 65 to 75 atom
% excess and there was little change in [15N]glutamate enrich-
ment in all experimental groups. The net accumulation of
[15N]glutamate (nmol/mg protein) was significantly increased at
pH 7.4 (P < 0.05) and further increased at pH 7.6 (P = 0.017)
compared with pH 6.8 (Fig. 4). In the presence of PTH there was
a significant reduction (P = 0.001) in the intracellular accumula-
tion of ['5N]glutamate. In contrast to the intracellular compart-
ment, the extracellular ['5N]glutamate (nmol/mg protein) accu-
mulation demonstrated a threefold increase at pH 6.8 compared
with 7.4 or 7.6 (Figure 4). Furthermore, supplementation of PTH
or insulin significantly elevated the accumulation of extracellular
[15N]glutamate compared with control experiments (Fig. 4). The
results indicate that acute acidosis, PTH or insulin significantly
Experiment stimulated the output of glutamate formed from glutamine. Theseobservations are in agreement with the hypothesis that lowering
intracellular glutamate levels may enhance the PDG pathway [2,
32]. The stimulation of flux through PDG in acute acidosis and in
the presence of PTH or insulin (Fig. 2 and Table 1) could result
in part from increased output of glutamate, thereby deinhibiting
PDG.
A decrease of the intracellular glutamate pool may also be
mediated via stimulation of flux through GLDH. Formation of
15N-ammonia from [2-15N]glutamine is significantly increased at
pH 6.8 and in the presence of PTH (Fig. 3 and Table 1). However,
the level of a-ketoglutarate (Fig. 5), the second product of the
GLDH reaction, was significantly decreased following three hours
incubation at pH 6.8 or in the presence of P1'H (Fig. 5) compared
with incubations at pH 7.4 or 7.6. In contrast, insulin increased (P
= 0.004) and glucagon had little effect on the level of a-ketoglu-
tarate.
Transamination pathways
Glutamate formed from glutamine via PDG is also metabolized
via transamination to form other amino acids. Figure 6 depicts the
accumulation of the extracellular [15N}alanine and ['5N]serine
and Figure 7 the formation of [15N]aspartate.
In agreement with our previous studies using cultured LLC-PK1
cells [32, 33], NRK-cells [34] and human kidney cells [4], the
current investigation demonstrates significantly higher production
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Fig. 3. Production of [15N]ammonia via GLDH pathway. OK cells incu-
bated for 3 hours with 1 mat at indicated p1-I or at pH 7.4
on addition of hormone. A. 5NH3 enrichment. B. The product of 15MJ3
enrichment times concentration (nmol/mg protein 3/hr). Values are means
sa of 4 to 8 experiments. < 0.01 compared with incubation at pH
6.8. ¶INIP C 0.001 compared with incubation at pH 7.4 without hormone.
0.027 and P = 0.033, respectively), the fraction of ammonia
derived from 5-N of glutamine (— 80%) indicates little change
compared with incubation at physiologic pH without hormone.
The increase in 15NH3 enrichment in the presence of PTH was
marginally significant (P = 0.06) compared with pH 7.4 (Fig. 2A).
Contrary to the isotopic enrichment, the total 15NH3 produc-
tion (nmollmg protein) is remarkably higher at pH 6.8 compared
with 7.4 or 7.6 (Fig. 2B). Similarly, supplementation with either
PTH or insulin greatly augmented [15N] ammonia production
from [5-15N] glutamine compared with the control incubation (pH
7.4). These observations indicate that acute acidosis stimulated
flux through the PDG pathway in OK cells and that both PTH and
insulin mimic this effect. In contrast, glucagon has little effect
(Table 1).
Flux through GLDH reaction
The products of the PDG reaction are ammonia and glutamate.
The latter is metabolized in part via GLDH [1—3]. The role of
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Experiment
of [15N]alanine at pH 6.8 compared with 7.4 or 7.6. Addition of
P11-I or glucagon had only a slight effect on the production of
[15N]alanine, whereas insulin significantly diminished ['5N]ala-
nine production compared with control experiments (Fig. 6).
Furthermore, in contrast to our previous studies using LLC-PK1
or NRK cells [32—34], the current experiments with OK cells
demonstrate a remarkably higher production of [15Njserine (Fig.
6) and ['5N]aspartate (Fig. 7) compared with ['5N]alanine, re-
gardless of the experimental condition. Figure 6 represents the
extracellular accumulation of [15N]alanine and ['5N]serine. The
intracellular levels of 15N labeled alanine and serine (5-8 nmol/mg
protein) showed little change at various experimental conditions.
Production of ['5N]alanine could have been mediated via
glutamate-pyruvate transaminase (GPT) or glutamine amino
transferase (GAT). The product of the GAT pathway is a-keto-
glutaramate [2, 35—37]. Although the level of a-ketoglutaramate
in the incubation medium was 3 to 6 nmol/mg protein following
three hours incubation, regardless of the experimental condition,
Fig. 4. Intracellular and extracellular
accumulation of [15N]glutamate formed from
[2-15N]glutamine following 3 hours incubation at
the indicated experimental condition. Values are
means SE of 4 to 8 experiments. p < 0.05
and *** < 0.01 compared with experiments at
pH 6.8. ¶P < 0.05 and ¶J1lP < 0.001 compared
with experiments at pH 7.4 without hormone.
this value was four- to eightfold smaller than ['5N]alanine (Fig. 6),
with little change among the various groups. Therefore, although
the GAT pathway is active in OK cells, as it is in other species or
tissues [33, 35—38], the formation of ['5N]alanine is primarily via
GPT. This possibility is further supported by the lack of change in
'5N]alanine formation in the presence of hormones (Fig. 6),
despite a marked alteration in ['5Njammonia formation from
[5-'5Nglutamine (Fig. 2).
['5N]serine could have been derived from glutamate via gluta-
mate 3-P-hydroxy pyruvate transaminase (G-3-PHPT), from ala-
nine via serine-pyruvate tranSaminase (SPT) and/or via conver-
sion of glycine to serine [39]. In our preliminary studies [40], we
demonstrated that the isotopic enrichment in serine was signifi-
cantly higher than alanine or glycine but smaller than glutamate,
indicating a precursor product relationship only between gluta-
mate and serine. Therefore it appears that [15N]serine was directly
formed from glutamate via G-3-PHPT. The flux through this
pathway was significantly enhanced at pH 7.6 compared with 6.8
or 7.4, and further stimulated in the presence of PTH, insulin or
glucagon (Fig. 6).
An additional pathway of glutamate metabolism is transamina-
tion with oxaloacetate (GOT) to form aspartate. Production of
['5N]aspartate paralleled that of ['5N]glutamate, indicating a
rapid conversion of glutamate to aspartate and near equilibrium
between these amino acids (Figs. 4 and 7). Furthermore, as was
true for glutamate, the extracellular [15Nlaspartate was signifi-
cantly higher at pH 6.8 compared with 7.4 or 7.6, but the
supplementation of hormone to the incubation medium had little
effect on the level of aspartate transport to the extracellular
compartment. In contrast to [15N]glutamate, the medium pH had
slight effect on the intracellular [15N]aspartate. However, PTH
and glucagon significantly decreased the level of intracellular
[15N]aspartate. The observation that PTH and glucagon had no
effect on extracellular accumulation of [15Nlaspartate but dimin-
ished the intracellular level indicates that these hormones reduced
the flux through GOT.
pH and hormonal effect on synthesis of adenine nucleotides and
ene1getic state
[15N]aspartate may enter the purine nucleotide cycle (PNC) to
form [6-15NH2] adenine nucleotides [31]. Figure 8 demonstrates
that the synthesis of adenine nucleotides was significantly smaller
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Fig. 5. Levels of intracellular a-ketoglutarate following 3 hours incubation at
the indicated experimental conditions. Values are means SE of 4
experiments. < 0.001 compared with experiments at pH 6.8. ¶P <
0.05 compared with experiments at pH 7.4 without hormone.
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Fig. 6. Extracellular accumulation of
['5N]alanine and ['5N]serine (nmol/mg protein)
formed from [2- '5N]glutamine via transamination
reaction. OK cells incubated for 3 hours in the
indicated experiments. Values are means SE
of 4 to 8 experiments. *D < 0.05, < 0.01
compared with experiments at pH 6.8. ¶P <
0.05, ¶IIP < 0.01 and ¶l1lP < 0.001 compared
with experiments at pH 7.4 without hormone.
Fig. 7. Intracellular and extracellular
accumulation of [15N]aspartate formed from
['5N]glutamate following 3 hours incubation of
OK cells with 1 mM [2-'5N]glutamine under the
indicated experimental condition. Values are
means SE of 4 to 8 experiments. < 0.01
compared with experiments at pH 6.8. ¶IIP <
0.01 compared with experiments at pH 7.4
without hormone.
at pH 6.8 compared with 7.4 or 7.6. The addition of hormone had
little effect on the synthesis of adenine nucleotides.
As was the case regarding the production of adenine nucleoti-
des, the level of ATP was remarkably depleted following three
hours incubation at pH 6.8. However, PTH, insulin or glucagon
had little effect on the ATP level compared with incubation at pH
7.4 (Fig. 8).
Discussion
Glutamine is a key precursor of renal ammoniagenesis and,
therefore, an important metabolite involved in acid-base balance
[1,2]. Although it has been shown that PTH and insulin alter renal
ammoniagenesis and gluconeogenesis by affecting glutamine me-
tabolism [8—10], the mechanism(s) of this modulation and the
site(s) of action have not been identified. A unique feature of the
current studies is the utilization of cultured OK cells and 15N
labeled glutamine in order to elucidate the mechanism(s) of
hormonal regulation of renal glutamine metabolism. This ques-
tion is of special importance, not only because of the relevance of
renal glutamine metabolism to H homeostasis, but also because
glutamine has a central role in many metabolic processes, includ-
ing energy metabolism [41], brain nitrogen metabolism and
ammonia detoxification [42, 43], hepatic ureagenesis [441, and the
regulation of cellular defense mechanisms against stress factors
[451.
In the current studies we were able to identify the site(s) of
action of PTH and insulin on renal glutamine metabolism. As
schematically summarized in Figure 9, this study indicates that:
(a) PTH stimulated cellular glutamine utilization, augmented the
formation of ammonia via both PDG and GLDH, enhanced
transamination of glutamate to other amino acids and favored the
transport of glutamate to the extracellular compartment; and (b)
insulin stimulated glutamine uptake and metabolism via the PDG
pathway. The removal of glutamate so formed was mediated in
part by enhanced transamination and in part by increased intra-
cellular release to the medium, but insulin had little effect on the
GLDH pathway. (c) Glucagon had little effect on renal glutamine
uptake or metabolism. The current data therefore indicate that
PTH mimicks the effect of acute acidosis on renal glutamine
metabolism. As illustrated in Figures 1 through 4 and Table 1, OK
cells respond to acidosis with increased glutamine consumption
associated with enhanced ammonia formation via both PDG and
GLDH. The opposite occurred in response to acute alkalosis
(Table 1 and Figs. 1, 2 and 3). These observations are in
agreement with previous studies [26, 401 suggesting that OK cells
can be utilized as an in vitro system for the study of renal nitrogen
ammoniagenesis.
In each experiment the observations demonstrate a balance
between rates of 15N labeled glutamine utilization and 15N
appearance in major products (Table 1). Hence, approximately 80
to 92% of glutamine metabolism was accounted for by formation
of [15N} ammonia via PDG and GLDH and the cumulative
appearance of [15N] in glutamate, alanine, aspartate and serine. A
calculation based on the data presented in Table 1 indicates that
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approximately 40 to 46% of glutamine metabolism was accounted
for by the PDG pathway, regardless of the experimental condi-
tion. Similarly, there was little change among the experimental
groups in the fraction of glutamate formed from glutamine that
was metabolized by transamination. The sum of GOT, GPT and
G-3-PHPT (Table 1) was between 20 to 25% of glutamine
utilization rates under all conditions. However, the role of the
GLDH pathway in overall glutamine metabolism did depend
upon the experimental condition. This value was approximately
10% with acute acidosis or in the presence of PTH and between
3 to 4.5% in the presence of insulin, glucagon or at pH 7.4 and 7.6
(Table 1).
Previous studies using OK cells have demonstrated that PTH
decreased the activity of the Na-H exchanger, thereby increas-
ing intracellular H [15, 16, 19]. It is possible that, in the current
studies, PTH stimulated the flux via both PDG and GLDH as a
result of decreased activity of the Na-H exchanger and the
induction of intracellular acidosis. The similar effect on glutamine
metabolism in the presence of PTH and at pH 6.8 supports this
notion. In addition, PTH may modulate intracellular Ca2 [13, 14,
46], the NAD/NADH ratio [22], the cAMP level [9, 14, 17],
gluconeogenesis [23, 24], the protein kinase C activity and phos-
phoinositide levels [25]. Flux through GLDH might be modulated
subsequent to an alteration in each one of these biochemical steps
and pathways.
Intracellular [Cat], independent of H, can mediate flux through
NAD-linked a-ketoglutarate dehydrogenase (a-KGDH) or isoci-
trate dehydrogenase [47]. The PTH effect, therefore, could rep-
resent the influence of altered intracellular Ca2. This implies
that the enhancement of flux through GLDH compensates for
increased flux via a-KGDH and consequent depletion of the a-kg
pool. The decreased a-kg level in the presence of PTH (Fig. 5)
supports this notion. An alternate, and not mutually exclusive,
possibility is that PTH increased the NAD/NADH ratio, the
immediate modulator of the GLDH reaction, thereby stimulating
the oxidative deamination of glutamate (Fig. 3), and decreasing
the intracellular glutamate pool (Fig. 4). A decline of internal
[glutamate] would activate PDG (Fig. 2), which is subject to
feedback inhibition by glutamate [1, 2].
PTH may stimulate renal gluconeogenesis by increasing cAMP
production [9, 23, 24]. Prior studies in isolated proximal tubules
showed that enhanced glutamine metabolism and ammonia pro-
duction are linked to increased gluconeogenesis [24, 29]. Gstraun-
thaler et al [48] have recently isolated a gluconeogenic substrate
of OK cells. However, in the current studies we did not observe
any glucose production from glutamine by OK cells, regardless of
the experimental condition. Furthermore, our experiments with
3C-pyruvate have demonstrated that OK cells are not gluconeo-
genic and do not form glucose (data in preparation). Therefore, it
is unlikely that the stimulation of glutamine metabolism by PTH
observed in the current study is a result of increased glucose
production mediated via activation of adenylate cyclase.
The PTH effect on renal glutamine metabolism may also be
mediated via activation of protein kinase C [25]. The current
studies cannot rule out the possibility that PTH, through a second
messenger, that is, inositol 1,4,5-triphosphate, activates protein
kinase C, increases intracellular Ca2, stimulates the Ca2 sensi-
tive dehydrogenases and, consequently, enhances flux via GLDH
and PDG pathways. Because of the multiple modes of action of
PTH hormone, especially on second messengers [25, 49] more
studies are required to elucidate the relationship of signal trans-
duction to the renal GLDH and PDG pathways.
In contrast to PTH, insulin had no effect on the flux through the
GLDH pathway (Fig. 3) but it did stimulate PDG (Fig. 2). This
observation may be attributed to the lack of effect on intracellular
pH and/or increased a-ketoglutarate concentration. Contrary to
the experiments with PTH or acute acidosis, insulin significantly
increased the a-ketoglutarate level (Fig. 5). A reduced a-kg level
would be expected to favor the oxidative deamination of gluta-
mate in the GLDH reaction [2], as indicated in experiments with
PTH or at acute acidosis (Figs. 3 and 5). A converse process has
been observed in the presence of insulin or during acute alkalosis
(Figs. 3 and 5). Furthermore, studies using isolated hepatocytes
[50] and proximal tubules from rats [18] have demonstrated that
insulin stimulates Na-H-antiport and Na uptake and in-
creases pH [18, 50]. Studies using OK cells have demonstrated
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that insulin in contrast to PTH, stimulates Na-Pi cotransport,
thereby increasing intracellular Pi [20, 21, 51]. It is possible that
the effect of insulin on flux through PDG (Fig. 2) is mediated via
increased Pi and/or Na-dependent glutamine uptake. The cur-
rent data (Fig. 4), also indicate that insulin stimulated the output
of ['5N]glutamate formed from [2-15N]glutamine via PDG. The
glutamate so formed is translocated to the extracellular compart-
ment, thus stimulating PDG. This possibility is in agreement with
the stimulatory effect of insulin on amino acid transport. How-
ever, further studies are required to support this hypothesis.
Although glucagon plays a major role in the regulation of
hepatic physiology and metabolism, as well as amino acid trans-
port, the current data indicate little effect of this hormone on
glutamine metabolism by OK cells. Nonetheless, we did find an
increased 15NH3 enrichment from [5-15N]glutamine in the pres-
ence of glucagon (Fig. 2), but this was not reflected in flux through
PDG (Table 1) because the level of 15NH3 (nmol/mg protein)
showed little change compared with control experiments (Fig. 2).
This observation might be explained by decreased total ammonia
formation and the fraction of ammonia derived from 2-N of
glutamine, without a change in the fraction derived from 5-N of
glutamine. Glucagon was shown to increase PDG activity as well
as cAMP in isolated hepatocytes or liver perfusion [11, 52, 53].
Glucagon, like PTH, reduced net bicarbonate absorption in the
thick ascending limbs [54], but this hormone has little effect on
bicarbonate reabsorption in the proximal tubule [55], perhaps
reflecting the lack of a glucagon receptor in proximal tubules [56].
Extrapolation of the current data to the physiology of other
species is difficult, first because the cultured cells may not retain
the metabolic characteristics of tubular cells in vivo and, second, a
considerable metabolic difference exists between the responses of
renal proximal tubules obtained from different species to various
acid-base states [57, 58]. Nonetheless, the increased and de-
creased ammoniagenesis during acute acidosis and alkalosis,
respectively, as well as the high rate of aminotransferase reactions
(Table 1), suggest that OK cells may share some metabolic
characteristics with canine and rat kidney cells [2, 58]. In the
current studies the ratio of intracellular/extracellular [15N]gluta-
mate concentration following a three hour incubation (Fig. 4) was
0.46, 1.6, 1.7, 0.56, 0.83 and 1.1 for experiments at pH 6.8, 7.4, 7.6
and in the presence of PTH, insulin or glucagon, respectively.
Previous studies of Vinay, Lemieux and Gougoux [58], have
demonstrated a ratio of 70 to 90 between intracellular and
extracellular glutamate concentration in isolated rat tubules.
Therefore, the current data suggest a higher permeability and/or
a diminished uptake capacity for glutamate in OK cells compared
with isolated rat kidney tubules [58]. In addition, the data indicate
an increase in [15N]ammonia production from [5-15N]glutamine
(Fig. 2B) with a decreased ratio of the intracellular/extraeellular
['5N]glutamate concentration (Fig. 4). The current data (Figs. 2
and 4) for the first time demonstrate an inverse relationship
between intracellular glutamate concentration and flux through
PDG at pH 6.8, 7.4 or 7.6. Both acute acidosis and PTH lower
intracellular glutamate through two mechanisms: the stimulation
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Fig. 9. A schematic representation of the honnonal andpH regulation of glutamine metabolism by OK cells. Symbols are: (fl stimulation; (J.) decrease;
(1 ,) a statistically meaningless change. Numbers refer to metabolic pathways as follows: (1) PDG; (2) GLDH; (3) GPT; (4) glutamate-3-P-hydroxy
pyruvate transaminase; (5) GOT. Abbreviations are: Ac, acidosis; Alk, alkalosis; Ins, insulin; GLU, glucagon; a-kg, a-ketoglutarate; PNC, purine
nucleotide cycle. The dashed arrows for alanine and serine output indicate unaffected output of these amino acids regardless of the experimental
condition.
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of GLDH and the output of glutamate to the extracellular
compartment. The data also indicate that insulin, but not gluca-
gon, may enhance the output of glutamate sufficiently to stimulate
flux through the PDG pathway (Figs. 2 and 4).
Na-dependent amino acid transport including that of glu-
tamine is an ATP demanding process [59]. The current observa-
tions (Fig. 8) demonstrate a depletion of cellular ATP levels and
flux via purine nucleotide cycle following three hours incubation
at pH 6.8 compared with pH 7.4 or 7.6. Neither PTH nor insulin
diminished intracellular ATP (Fig. 8). The diminished intracellu-
lar [ATP] in acidosis may reflect an inhibition of citrate synthetase
(29) or an increased ATP consumption secondary to the greater
rate of Na-glutamine co-transport (Fig. 9). PTH also enhances
glutamine uptake, which requires ATP utilization, but the hor-
mone may simultaneously enhance TCA cycle activity via Ca2
sensitive dehydrogenases, thereby augmenting ATP production.
Thus the net balance of the cellular energetic state changes little
compared with experiments at pH 7.4 without hormone (Fig. 8).
An alternative possibility is that PTH may reduce Na transport
and minimize consumption of ATP, since changes in Na-pump
activity significantly alter intracellular ATP levels [60, 61]. Further
studies are required to delineate this possibility as well as its
relevance to in vivo study.
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